Abstract: Performance evaluation of the IEEE 802.11e network has been the subject of several research papers. Especially, the transmission opportunity limit (TXOPLimit) has been proven efficient for achieving differentiated quality of service (QoS) and improving the wireless bandwidth utilisation. However, most existing analytical models have been developed under unrealistic assumption that the wireless channel is error-free. Hence, the efficiency and the performance level of the TXOPLimit in an error-prone channel are questionable. In this paper, we aim at proposing a new Markov chain model of the IEEE 802.11e network including the TXOPLimit and the packet error rate (PER). Then, we derive the saturation throughput of the IEEE 802.11e network in cases of aggregated and non-aggregated packets. The obtained results show that, the TXOPLimit efficiency is highly degraded under the effect of bit error rate (BER) and packet length.
Introduction
The IEEE 802.11 standard is currently one of the most popular wireless access technologies. It allows for quick and simple configuration of local, broadband networks at home, in offices, or in public places and greatly facilitates internet access (Kosek-Szott et al., 2011) . With the increasing demand of wireless local area networks (WLANs), especially of the IEEE 802.11 (IEEE 802.11 Standard Part II, 1999) , the support of differentiated quality of service (QoS) has become one of the recent critical issues on the success of IEEE 802.11 medium access control (MAC) protocols for the future wireless communications. It is important to develop new medium access scheme that can support the differentiated QoS requirements over IEEE 802.11 WLANs, which is specified by the IEEE 802.11e (IEEE 802.11e Standard Part II, 2005) . The IEEE 802.11e standard specifies differentiated service classes in the MAC layer to support the delivery of priority packets and have drawn tremendous interest from both industry and academia. IEEE 802.11e defines the hybrid coordination function (HCF) access mechanism, which uses two mechanisms for the support of QoS differentiation. They are enhanced distributed channel access (EDCA) and HCF controlled channel access (HCCA) (Lee et al., 2007a) .
The EDCA function defines several QoS enhancements to the legacy IEEE 802.11 distributed coordination function (DCF). EDCA operation is based on the idea of access categories (ACs). There are four ACs (voice -VO, video -VI, best effort -BE, and background -BK), each with a separate queue. To provide traffic differentiation, the following medium access parameters are defined for each AC: the contention window minimum (CW min ) and maximum (CW max ) size, the arbitration inter-frame space number (AIF SN ), and the transmission opportunity limit (TXOPLimit). The functions of the access parameters are as follows: CW min and CW max determine the initial size of the contention window and the maximum possible backoff value, respectively. AIF SN determines the minimum number of idle slots before a frame transmission may begin. The TXOPLimit allows for the consecutive transmissions of several frames after gaining channel access (Kosek-Szott et al., 2011) . A comprehensive description of EDCA function can be found in IEEE 802.11e Standard Part II (2005) .
The performance analysis of IEEE 802.11e-EDCA network can be achieved by either simulation and experiment (see Al-Karaki and Chang, 2004; Hamidian and Korner, 2006; Fan, 2007; Gallardo et al., 2007; Lee et al., 2007b; Ge et al., 2007; Lin and Wu, 2007; Hamidian and Korner, 2008; Yu et al., 2009; Varposhti and Movahhedinia, 2009; Thangaraj et al., 2010; Cetinkaya, 2010; Lagkas et al., 2013; Korner et al., 2011; Camps-Mur et al., 2012) or by mathematical modelling (see Jeong et al., 2004; Kong et al., 2004; Vassis and Kormentzas, 2005; Xiao, 2005; Banchs and Vollero, 2006; Tao and Panwar, 2006; Banchs and Serrano, 2007; Serrano et al., 2007; Xiong and Mao, 2007; Patras et al., 2009; Pan and Wu, 2009; Hu et al., 2011; Kosek-Szott et al., 2011; Min et al., 2011; Liu and Saadawi, 2011; Hu et al., 2012; Yao et al., 2013; Yazid et al., 2015a) . Mathematical modelling is an abstract representation of the system behaviour, frequently in steady state (Puigjaner, 2003) . The analytical solutions of the mathematical models provide exact results for system performance metrics (Moltchanov, 2010) . The main existing mathematical modelling techniques are Markov chains, and the related high level modelling formalisms: queues and queuing networks, petri nets and stochastic process algebras (Casale et al., 2011) . These techniques are used according to analysis types (quantitative or qualitative), objectives, needed level of detail, etc. A discrete event system, modelled with one of these formalisms, may be mapped onto a Markov chain through a process known as state space generation (Narayan-Bhat, 2007) . Hence, Markov chains provide the most general modelling technique and give a low abstraction level (Lefebvre, 2007) . Specifically, discrete time Markov chains (DTMCs) can be used to model a wide class of concurrent and stochastic computer systems (Bolch et al., 2006) . Furthermore, Markov chains provide very flexible, powerful, and efficient means for the description and the analysis of dynamic IEEE 802.11 network properties. Indeed, the global state space of the IEEE 802.11 can be easily represented as a graph whose directed arcs are the transitions between its states (Bianchi, 2000) . Thus, performance and dependability measures (particularly throughput and delay) can be easily derived.
After the new EDCA function was defined, the previously proposed analytical models of the IEEE 802.11 DCF became unsatisfactory because they lacked traffic differentiation. However, they were a solid starting point for further research. Most of all, they resolved the complicated problem of representing multiple states of the channel access procedure by using Markov chains (see Kosek-Szott et al., 2011; Yazid et al., 2014a Yazid et al., , 2014b Yazid et al., , 2015b . In this area, Kong et al. (2004) presented an analytical model of the IEEE 802.11e EDCA taking into account AIFS and CW. The authors analysed the throughput performance of differentiated service traffic and proposed a recursive method capable of calculating the mean access delay. Vassis and Kormentzas (2005) presented an analytical model for the performance evaluation of IEEE 802.11e EDCA scheme under finite load conditions on the basis of various instances of delay metric (access delay, queuing delay and total delay). Xiao (2005) proposed an analytical model to study backoff-based priority schemes for IEEE 802.11 and the emerging IEEE 802.11e standard by differentiating the minimum backoff window size, the backoff window-increasing factor, and the retransmission limit. Banchs and Vollero (2006) presented an analytical model to analyse the throughput performance of an EDCA WLAN as a function of its parameters (AIF S, CW min , CW max and TXOPLimit). The authors searched for the optimal EDCA configuration which maximises the throughput performance of the WLAN. Tao and Panwar (2006) proposed a three-dimensional Markov chain model for the 802.11e EDCA mode. This model can be used to compute the maximum sustainable throughput and service delay distribution for each priority class under saturation load. Serrano et al. (2007) presented a model to analyse the throughput and delay performance of the EDCA mechanism under non-saturation conditions. The proposed model can be used to analyse generic source models, as it neither makes any assumption on the source's arrival process nor requires all packets be of the same length. Varposhti and Movahhedinia (2009) analysed the effect of loss and delay caused by fading channel on EDCA performance. Then, they proposed a modification to the media access scheme, called collision avoidance with fading detection (CAFD) to elevate the performance against channel faillures. Pan and Wu (2009) evaluated analytically the saturation throughput of the IEEE 802.11e EDCA under heterogeneous traffic scenarios. The proposed analytical model, is based on the differentiated AIFS and uses the discrete time slot to analyse the external collision time. Hu et al. (2011) proposed an analytical model for the TXOP service differentiation scheme in single-hop ad hoc networks in the presence of unbalanced stations with different traffic loads. The QoS metrics including throughput, end-to-end delay, frame dropping probability, and energy consumption are derived. Hu et al. (2012) proposed an analytical model to accommodate the integration of the three QoS schemes including AIFS, CW and TXOPLimit in an IEEE 802.11e-EDCA network with finite buffer capacity under unsaturated traffic loads. The important QoS performance metrics in terms of throughput, delay, delay jitter, and frame loss probability are derived. Yazid et al. (2015a) showed how the packet fragmentation developed in the legacy IEEE 802.11 standard can be used to enhance the current IEEE 802.11e QoS. Therefore, the authors proposed an extension of the existing Markov chain models of the IEEE 802.11e EDCA function, in order to take into account the packet error rate (PER) and packet fragmentation.
Although performance modelling of the IEEE 802.11e EDCA has attracted tremendous research efforts from both academia and industry, most existing analytical models have been developed under unrealistic assumption that the wireless channel is error-free. Particularly, the efficiency of the TXOPLimit, which is a promising bust transmission scheme defined in the IEEE 802.11e MAC protocol to achieve differentiated QoS and improve the utilisation of the scarce wireless bandwidth, is questionable in an error-prone channel. In this paper, we aim to study the TXOP bursting of the IEEE 802.11e EDCA function in the real conditions of radio waves propagation. Therefore, we propose a new two-dimensional discrete time Markov chain model of the IEEE 802.11e EDCA function which includes the TXOPLimit and the PER. Then, we develop a mathematical model to compute the overall throughput of the IEEE 802.11e-EDCA network. Finally, the performance analysis shows for the first time that, the TXOP bursting is highly degraded under the impact of BER and packet length. Consequently, the TXOP bursting is not efficient neither to achieve QoS differentiation nor to improve the bandwidth utilisation in an error-prone channel.
The remainder of this paper is organised as following: an overview of the TXOP bursting scheme is given in Section 2. In Section 3, we describe the proposed analytical model of the IEEE 802.11e ECDA function with TXOP bursting. The obtained analytical results about the sustainable overall throughput in an IEEE 802.11e-EDCA network, are presented in Section 4. In Section 5, we conclude the paper.
Overview of the TXOP bursting scheme
In DCF, the system efficiency is considerably affected by various overheads referred to as Physical (PHY) layer headers, control frames, backoff, and inter-frame space. The overhead problem becomes more serious as the data rate increases. To mitigate the impact of the overheads and improve the system efficiency, the TXOP scheme has been proposed in the IEEE 802.11e protocol .
Different from DCF where a station can transmit only one frame after winning the channel, the TXOP scheme allows a station gaining the channel to transmit the frames available in its buffer successively provided that the duration of transmission does not exceed a certain threshold, namely the TXOPLimit. As shown in Figure 1 , each frame is acknowledged by an acknowledgement (ACK) after a short inter-frame space (SIFS) upon receiving this ACK. If the transmission of any frame fails, the burst is terminated and the station contends again for the channel to retransmit the failed frame. The TXOP scheme is an efficient way to improve the channel utilisation because the contention overhead is shared among all the frames transmitted in a burst. Moreover, it enables service differentiation between multiple traffic classes by virtue of various TXOPLimits. Another advantage of using the TXOP scheme is that the channel occupation time in multi-rate WLANs can be fairly distributed by allocating the larger TXOPLimit to faster stations. The slow stations, therefore, no longer severely degrade the performance of those with the higher rate . In this section, we describe a new two-dimensional discrete time Markov chain model for the IEEE 802.11e EDCA function including mainly the TXOPLimit and the PER. The resolution of stationary probabilities equations of this Markov chain model allows us to compute the packet transmission probability τ [h] of each access category h (AC [h] ), where h ∈ {V O, V I, BE, BK}. This probability will be used to develop mathematical models to derive the overall throughput of a given access category h in an IEEE 802.11e-EDCA network under noisy channel.
Assumptions of the IEEE 802.11e ECDA analytical model
The following is a list of assumptions of our analytical model for the IEEE 802.11e EDCA function. The couple of lists of parameters and probabilities are provided respectively in Tables 1 and 2 . Packet transmission probability of a AC [h] .
Packet collision probability of a AC [h] . Pe Packet error probability.
Packet transmission probability
We study the behaviour of a single access category h with a Markov chain model, and we obtain the stationary probability τ [h] that the AC[h] transmits a packet in a generic slot time. This probability will be used to determine the saturation throughput of the IEEE 802.11e-EDCA network.
Let S [h] (t) be the stochastic process representing the backoff stage i
Let B [h] (t) be the stochastic process representing either the backoff time counter j
are given by equations (1) and (2), respectively.
Once the key approximation in Bianchi's Markov chain model (Bianchi, 2000) is assumed, which means that, at each transmission attempt, and regardless of the number of retransmissions suffered, each packet collides with constant and independent probability P [h], it is possible to model the bi-dimensional process In this Markov chain, the only non-null one-step transition probabilities are: 
be the stationary distribution of the chain. The closed-form solution for this Markov chain is:
where
Thus, by the relation (4), all the values π i,k are expressed as a function of the value π 0,0 and packet collision probability P [h]. π 0,0 is finally determined by imposing the normalisation condition, that can be simplified as follows:
] .
Hence, we have:
We can now express the probability τ 
From the viewpoint of a wireless station, the probability τ that the wireless station accesses the channel is given by equation (10), where the access categories VO, VI, BE and BK are represented by the priorities 3, 2, 1 and 0, respectively.
However, τ [h] depends on the following probabilities: 
• P e (packet error probability); the probability that a transmitted packet undergoes an error, depends on the BER, and on the packet length:
Equations (9) to (11) form a set of nonlinear equations. It can be solved by means of numerical methods. All the transition probabilities and steady-state probabilities can be obtained.
Saturation throughput (T H[h])
We study the events that can occur within a generic slot time (see Figure 3) , and we express the saturation throughput of a given AC [h] in an IEEE 802.11e-EDCA network, as a function of the computed value τ [h] . 
We express the elementary parameters of T H[h]:
• Let P tr be the probability that there is at least a transmission in the considered slot time:
• Let P s [h] be the probability that the AC[h] has gets the channel access. It is given by the probability that exactly one AC[h] transmits on the channel:
• Let T c be the time that the channel is sensed busy by a collided transmission of the first packet of any AC [h] :
• Let T e [h] be the time that the channel is sensed busy by an erroneous transmission of the first packet of the AC [h] :
• Let T j [h] be the time that the channel is sensed busy by a successful transmission of the first j packets of the AC [h] , with the (j + 1) th packet has undergone noise errors:
− SIF S.
• Let T s [h] be the time that the channel is sensed busy by a successful transmission of all the packets of the AC[h]:
We define E I [h], as the average amount of useful information successfully transmitted by the AC[h] in a slot time. It is given as follows:
The average length of a slot time E [σ] , is obtained by considering that:
• with the probability (1 − P tr ), the slot time is empty
• with the probability
, the slot time contains a collision
• with the probability P tr
· P e , the slot time contains an erroneous packet
j P e , the slot time contains j packets successfully transmitted and the (j + 1) th is an erroneous packet
packets successfully transmitted. 
Saturation throughput analysis
In this section, we present and analyse the obtained analytical results about the overall throughput of the IEEE 802.11e-EDCA network. These results are obtained after solving and programming the analytical model described in Section 3 under MATLAB software.
The numerical values of parameters used to get the below figures, are listed in Tables 3 and 4 . The throughput analysis of the IEEE 802.11e-EDCA network provided in this section, is done with different BER values, packet lengths and network sizes, in cases of aggregated and non-aggregated packets. This analysis is original and leads to new conclusions that could not be intrusively expected. . This results show that, in an ideal channel, the TXOPLimit allows in an IEEE 802.11e-EDCA network to improve considerably the utilisation of the bandwidth. This is due to the consecutive transmissions of packets, once a given AC gets the wireless channel. It means that, the TXOP bursting allows to reduce considerably the contention overhead among all the packets transmitted in a burst. Otherwise, we observe on Figure 4 that, the overall throughput of AC [VO] and AC [VI] is decreasing with the increase of BER. We note that, the decease of overall throughput between the lower BER (10 −5 ) and the higher BER (10 −4 ) is about 59% for AC [VO] and 73% for AC [VI] . This degradation of the efficiency of TXOPLimit under the impact of BER is due to PER which increases highly with the increase of BER [see equation (12)]. Consequently, the PER induces a frequent packet loss and as a result, the transmission in burst is terminated and the station contends again for the channel to retransmit the erroneous packet. In Figure 5 , we compare the overall throughput of AC [VO] and AC[VI] obtained with and without TXOPLimit according to the packet length in case of moderate BER (5 * 10 −5 ). On the one hand, we note that, when the packet length is average (1,000 bytes), the overall throughput of AC [VO] and AC[VI] obtained with TXOPLimit is significantly improved compared to the one obtained without TXOPLimit. The throughput improvement is about 68% for AC [VO] and 66% for AC [VI] . On the other hand, we show that the increase of packet length induces the decrease of the overall throughput of both AC [VO] and AC [VI] . We note that, the decrease of the overall throughput obtained with TXOPLimit between the higher value and the lower value is about 27% for AC [VO] and 50% for AC [VI] . This degradation of the obtained overall throughput is caused by the PER which increases highly with the increase of packet length [see equation (12)]. So, the packet length is an another issue which degrades the efficiency of the TXOPLimit in a noisy channel. Figure 4 for various number of stations in the network. We also note on Figure 7 that, the overall throughput of AC [VO] and AC [VI] is highly degraded when the maximum packet length is used. This result generalise and validate the results given in Figure 5 for various number of stations in the network. So, we can affirm that, the BER and the packet length are two critical parameters that should be taken into account when the performance of the IEEE 802.11e-EDCA network is investigated. Otherwise the obtained performance is overall estimated. In Figures 8 and 9 , we study the overall throughput of AC [VO] and AC [VI] according to the number of MPDUs in cases of different BER values and different packet length, respectively. So, we have set the packet length at its average value (1,500 bytes) and the BER at its moderate value (5 * 10 −5 ) and we have varied the number of MPDUs allowed to be transmitted during the TXOPLimit. We note on Figure 8 that, when the BER is low, the overall throughput AC [VO] and AC [VI] increases with the increase of the number of MPDUs. Whereas, when the BER is high, the TXOPLimit has not the same effect like in the case of low BER, in order to increase the overall throughput of AC [VO] and AC [VI] . We also observe in Figure 9 that, when the packet length is average, the obtained overall throughput increases with the increase of the number of MPDUs. Whereas, when the maximum packet length is used, we show that the efficiency of TXOPLimit is highly reduced. As a conclusion, we can say that, the TXOPLimit is a promising burst transmission scheme which is efficient to improve the channel utilisation and to achieve QoS differentiation, only when the BER is moderate and the packet length is average. Otherwise, when the BER is high or the packet length is great, the TXOPLimit is not efficient neither to achieve QoS differentiation nor to improve the channel utilisation. This result is original, it has never been presented in the previous studies. 
Conclusions
In this paper, we are interested to study under an error-prone channel the TXOPLimit, which is a promising burst transmission scheme defined in the IEEE 802.11e standard to achieve QoS differentiation and improve the utilisation of the scarce wireless bandwidth. Therefore, we have proposed a new two-dimensional discrete time Markov chain model of the IEEE 802.11e EDCA function including the TXOPLimit and the PER. Then, we have developed a mathematical model to compute the overall throughput of a given AC [h] . The performance analysis shows for the first time that, the TXOPLimit is highly affected by either the BER or the packet length. So, in an error-prone channel, the TXOPLimit is not efficient neither to achieve QoS differentiation nor to improve the channel utilisation.
